= S-2-methylbenzyl-β-N-(di-2-pyridyl)methylenedithiocarbazate (1), NNS''= S-3-methylbenzyl-β-N-(di-2-pyridyl)methylenedithiocarbazate (2) and NNS'''= S-4-methylbenzyl-β-N-(di-2-pyridyl)methylenedithiocarbazate (3) have been synthesized by reacting the respective metal acetates with the Schiff bases in an ethanol/acetonitrile mixture. negative estrogen receptor) cell lines. Only 9 was active against MCF-7 whereas 10 and 13
anti-tumour properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In recent years, heterocyclic thiosemicarbazones and Schiff bases derived from S-alkyl dithiocarbazates have been considered as useful model compounds for sulphur-containing analogues of purine and pyrimidine bases [11] [12] [13] . The π-delocalisation of charge and the configurational flexibility of their molecular chain give rise to a great variety of coordination modes [14] [15] [16] [17] [18] . Their chemistry and pharmacological applications have been widely investigated as well [1] [2] [3] [4] [5] [6] [15] [16] [17] [18] .
Coordination compounds, especially those that contain nitrogen-sulphur ligands are synthesized via relatively simple, cost-effective procedures and it has been observed that small changes in their structure, such as change of substituents and their chelation to different metal ions cause great changes in their bioactivities. The coordination of these compounds often lead to enhanced biological activity in several pathogenic fungi [3, [19] [20] [21] . Some of these metal complexes have been known to accelerate drug action and the efficacy of a therapeutic agent [1] [2] [3] [4] [5] [6] [19] [20] [21] .
The Schiff bases synthesized in this study are the di-2-pyridylketone Schiff bases of isomeric dithiocarbazates, S-2-methylbenzyldithiocarbazate, S-3-methylbenzyl dithiocarbazate and S-4-methylbenzyldithiocarbazate ( Investigations have shown that di-2-pyridylketone thiosemicarbazone and an analogue, 2-benzoylpyridine thiosemicarbazone, demonstrated marked and selective antitumour activity in vitro and also in vivo against many tumours. Di-2-pyridylketone thiosemicarbazone has also been found to possess several structural characteristics important for iron chelating efficacy and potent anti-proliferative activity, and can be further modified as anti-neoplastic agents. Iron has a crucial role in the active site of ribonuclease reductase which is the rate-limiting step of DNA synthesis. This Schiff base and other similar compounds have been found to be well-tolerated by experimental animals in vivo and lead to low toxicity to normal tissues [22] [23] [24] .
Recently, studies on analogous Schiff bases, di(2-pyridyl)ketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) and di(2-pyridyl)ketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) showed them to be highly potent and selective anti-tumour and anti-metastatic compounds [25] . Both of these agents had different efficacies and toxicity in vivo. Another study reported that Dp44mT had potential to overcome multi-drug resistance issues in cancer treatment. The drugs had greater activity in drug-resistant tumour cells than their drug-sensitive counterparts [26] .
We report herein the synthesis, characterization and biological activities of three novel isomeric dithiocarbazate Schiff bases of di-2-pyridylketone and their Cu(II), Ni(II), Zn(II) and Cd(II) complexes, their bioactivities against selected microbes and breast cancer cells, as well as the X-ray crystallographic analyses of three complexes, i.e. Ni(II) (5 and 7) and Cd(II) (13).
Experimental

Instrumentation
The analyses for carbon, hydrogen, nitrogen and sulphur were carried out using a LECO CHNS-932 instrument. The IR spectra, as KBr pellets, were recorded on a Perkin-Elmer FT IR 1750X spectrophotometer (4000-400 cm -1 ). Metal determinations were carried out using a Perkin-Elmer Plasma 1000 Emission Spectrometer. The molar conductance of 10 -3 M solutions of the metal complexes in DMSO were measured at 29 °C using a Jenway 4310 conductivity meter and a dip-type cell with a platinized electrode. Magnetic susceptibilities at room temperature were measured using a Sherwood Scientific MSB-AUTO magnetic susceptibility balance. The UV-VIS spectra were run on a Shimadzu UV-2501 PC Recording
Spectrophotometer (1000-200 nm).
Preparation of S-n-methylbenzyldithiocarbazate (n = 2, 3 and 4)
Following a procedure adapted from Ravoof et al. [27] and Omar et al. [28] , potassium hydroxide (11.4 g, 0.2 mol) was dissolved in absolute ethanol (70 ml). To this solution, hydrazine hydrate (10 g, 0.2 mol) was added and the mixture was cooled in an ice-salt bath to 0 °C. Carbon disulphide (15.2 g, 0.2 mol) was added dropwise with constant stirring over a period of 1 h. The two layers that subsequently formed were separated using a separating funnel. The light-brown lower layer was dissolved in 40% ethanol (60 ml) below 5 °C. The mixture was kept in an ice-bath and to it, n-methylbenzyl chloride (n = 2, 3 or 4) (26.5 ml, 0.2 mol) was added dropwise with vigorous stirring of the mixture. The sticky white product which formed was filtered and left to dry overnight in a dessicator over anhydrous silica gel.
(Yields: ca 85% for each compound, m.p. n = 2: 171.2 °C, n = 3: 132.3 °C and n = 4: 160.0 °C).
Preparation of S-n-β-N-(di-2-pyridyl)methylenedithiocarbazate [n = 2-methylbenzyl or 3-methylbenzyl or 4-methylbenzyl] (1, 2, and 3)
S-n-dithiocarbazate (0.01 mol, 2.12 g) was dissolved in hot acetonitrile (150 ml). This was added to an equimolar amount of di-2-pyridylketone (0.01 mol, 1.84 g) in ethanol (10 ml).
The mixture was heated for 30 mins and then allowed to stand for a few hours or placed in a refrigerator. The bright-yellow crystals that formed were filtered, washed with cold ethanol and recrystallized from acetonitrile. Yields were high, ca 85%. 
General method of synthesis of the transition-metal complexes (4-15)
The transition metal salts used were the acetate salts of Cu(II), Ni(II), Cd(II) and Zn(II) (0.001 mol) which was dissolved in hot ethanol (10 ml) and mixed with a solution of the Schiff base (0.002 mol, 0.76 g) in acetonitrile (100 ml) The resulting mixture was heated for 30 mins. On standing overnight, the mixture yielded crystalline complexes which were filtered off and dried overnight in a desiccator over anhydrous silica gel. Yields: ca 70%.
Crystals of 5, 7 and 13 suitable for X-ray diffraction analysis were obtained from acetonitrile solution over one week. Analytical, physical and spectral data on the complexes are displayed in Tables 2 and 3 . Scheme 2. General synthesis of the metal complexes
X-ray crystallography analysis
Intensity data for 5, 7 and 13 were measured at 150 K on a Nonius Kappa CCD diffractometer using MoKα radiation, λ = 0.71073 Å [29] . The structures were solved by direct methods (SHELXS97 [30] through the WinGX Interface [31] ) and refined (anisotropic displacement parameters, C-bound H atoms in the riding model approximation and a weighting scheme of the form w = 1/[σ 2 (Fo 2 ) + aP 2 + bP] where P = (Fo 2 + 2Fc 2 )/3) with SHELXL2014/7 on F 2 [32] . The molecular structure diagrams shown in Figs 2-4 were drawn with 70% displacement ellipsoids for 5 and 50% for each of 13 and 7 [31] . Crystallographic data are collated in Table 1 . The crystal packing diagrams were generated with DIAMOND [33] with additional crystallographic analysis employing PLATON [34] . Table 1 Summary of the crystallographic data for 5, 7, and 13. A.), Aspergillus ochraceous (A. Och) and Saccaromyces cerevisiae (S.Cere). The source of the microbes and culture maintenance were as previously described [35] .
Qualitative anti-microbial assay
Anti-microbial activity of each sample was qualitatively determined by a modified disc diffusion method [36] as previously detailed [37] . A lawn of microorganisms was prepared by pipetting and evenly spreading inoculum (10 -4 cm 3 , adjusted turbidometrically to 10 5 -10 6 cfu cm 3 (cfu: colony forming units) on to agar set in Petri dishes, using Nutrient agar (NA) for the bacteria and potato dextrose agar (PDA) for fungi. Whatman No. 1 filter paper discs of 6 mm diameter were impregnated with a stock solution of the trial compound (100 mg cm -3 ) and dried under sterile conditions. The dried discs were then placed on the previously inoculated agar surface. The plates were inverted and incubated for 24h at 30 °C for bacteria and 37 °C for fungi. Anti-microbial activity was indicated by the presence of clear inhibition zones around the discs. Commercially available streptomycin (Sigma, USA) was used for the antibacterial control while nystatin (Sigma, USA) was used as the anti-fungal control.
Quantitative anti-microbial assay.
Compounds that showed positive (diameter >15 mm) anti-microbial inhibition with the disc diffusion assay were subjected to the broth dilution method for the quantitative measurement of microbiostatic (inhibitory) activity as described by Hufford and Clark [38] . The lowest concentration that completely inhibited visible microbial growth was recorded as the minimum inhibitory concentration (MIC, µg/ml). Streptomycin and nystatin were used as controls for bacteria and fungi, respectively.
Cytotoxic assay
The MCF-7 (Human breast cancer cells with positive estrogen receptor) and MDA-MB-231
(Human breast cancer cells with negative estrogen receptor) cell lines were obtained from the National Cancer Institute, U.S.A. The cells were cultured in RPMI-1640 / DMEM (High glucose) (Sigma) medium supplemented with 10% fetal calf serum. Cytotoxicity was determined using the microtitration of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma, USA) as reported by Mosmann [35] . Controls that contained only cells were included for each sample. Cytotoxicity was expressed as IC50, i.e. the concentration that reduced the absorbance of treated cells by 50% with reference to the control (untreated cells). Tamoxifen was used as the standard cytotoxin.
Results and discussion
Synthesis
The physicochemical properties of the Schiff bases (1-3) and their metal complexes (4-15) together with their analytical data are shown in Table 2 . The three isomeric Schiff bases only differ from each other in the position of a methyl group (CH3) attached to the benzene ring. The analytical data (Table 2 ) indicated good agreement with the proposed formulations for the compounds. The complexes were soluble in most organic solvents and appeared to be stable in air. The complexes adopted a six-coordinate geometry containing two tridentate NNS Schiff bases. [3, 39] , octahedral nickel(II) complexes with two unpaired electrons will have magnetic moments between 2.9 and 3.4 B.M which indicates a small but definite orbital contribution to the magnetic moment. The magnetic moments of the zinc(II) and cadmium(II) complexes were found to be diamagnetic, which indicated distorted octahedral structures [40] . All the complexes were non-electrolytes in DMSO, evidence that the two ligands moieties did not dissociate in solution [41] . The conductivity data supported the coordination of the two Schiff bases to the metal ion and the absence of free ions in solution [42] .
Infrared and electronic spectra
Important and characteristic IR absorptions are given in Table 3 The electronic spectral data for all compounds are tabulated in Table 3 . The electronic spectra of the complexes in DMSO exhibited intra-ligand bands which was attributed to the 
Structural commentary
The molecular structure of 5 is shown in Fig. 2 and selected geometric parameters are listed in Table 4 . The nickel(II) atom is located on a crystallographic twofold axis of symmetry and is chelated by two deprotonated 1 ligands resulting in a neutral complex formulated as 5. Table 4 .
The molecular structure of the isomeric analogue 13, is shown in Fig. 3 and geometric data given in Table 4 . Complex 13 lacks the molecular symmetry of 5 but, the overall structure is in essential agreement with that just described. There some experimentally distinct differences in chemically equivalent bond lengths, most notably in the Ni-S1, S3
separations of 2.3952 (6) angles which are wider and narrower, each by about 5°, in 5 cf. 13, Table 4 . Fig. 3 Molecular structure and atom labelling scheme for 13.
Crystals were also obtained for 7 which proved to be isostructural with 5, thereby also having crystallographic twofold symmetry, the molecular structure and data of which are represented in Fig. 4 and Table 4 , respectively. Table 4 Summary of the key geometric (Å, °) data for 5, 7 and 13. b a Symmetry-related atoms are generated by the symmetry operation: 1-x, y, ½-z.
b Symmetry-related atoms are generated by the symmetry operation: 1-x, y, 1½-z. Table 5 Summary of the key geometric (Å, °) parameters characterising the identified intermolecular contacts in the crystals of 5, 7 and 13.
5:
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Biological activities
Anti-microbial activities
All of the complexes have been assayed against several selected bacteria and fungi to evaluate their anti-bacterial and anti-fungal potential. The data tabulated in Table 6 had MIC values (minimum inhibitory concentration, µg/mL) that were much higher than streptomycin indicating that they were not as effective, as a higher concentration was needed in order to be lethal against the bacterial strains tested. The MIC values are tabulated in Table   7 . However, all the inhibition zones obtained were lower than those observed in the antibacterial activities of other related S-methyldithiocarbazate (SMDTC) and Sbenzyldithiocarbazate (SBDTC) complexes [48] . Table 6 Qualitative anti-bacterial assay data a (inhibition diameter in mm) 
Cytotoxic activities
The cytotoxicity data of the Schiff bases and their metal complexes are given in Table 8 ligand [49, 50] . The IC50 values of the standard, Tamoxifen, were between 5.0 and 5.5 µm/ml. Table 8 Cytotoxic assay data (IC50 values in µg/ml) 
Conclusions
The reaction of isomeric tridentate Schiff bases derived from isomericdithiocarbazates and a heterocyclic ketone with metal acetates in an ethanol/acetonitrile mixture produced beautifully crystalline coloured nickel(II), copper(II), zinc(II) and cadmium(II) complexes in high yields. These complexes had six-coordinate geometries in which the Schiff bases acted as uninegatively charged tridentate ligands, and with like-atoms being mutually trans. The Xray crystal structure determination of 5, 7 and 13 showed that the complexes had slightly distorted octahedral geometry where the metal ion was coordinated to two tridentate NNS ligands. Most of the complexes in this study had weak potential as anti-microbial agents and showed selective and specific activities as anti-cancer agents when examined against human breast cancer cell lines. As the biological properties of structurally similar dithiocarbazate complexes are of much interest, it would be worthwhile to study the structure-bioactivity relationship of these complexes in-silico, to elucidate potential mechanisms of action.
Supplementary material
Crystallographic data for the structural analysis have been deposited with the Cambridge 
